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Abstract 
Overhead athletes, and swimmers in particular, are highly susceptible to 
shoulder injuries (Hibberd & Myers, 2013). Collegiate swimmers complete an average of 
between 10 and 14 kilometers every day they practice, which assuming 10 stroke cycles 
per 25-meter length, gives over 4000 revolutions forced upon the shoulders each day of 
practice (Tate et al., 2015; Hibberd & Myers, 2013). Furthermore, the shoulder transmits 
90% of the force used to propel swimmers through the water, resulting in frequent 
overuse injury, broadly classified as “Swimmer’s Shoulder.”  Estimates of the prevalence 
of shoulder pain amongst competitive swimmers range between 40% and 91% (Tate et 
al., 2012). Beyond being uncomfortable, this pain is associated with stiffness, reduced 
range of motion, and increased risk of serious injury, such as rotator cuff tears (Ma, 
2015).  The condition is thought to be caused by compensation for fatigue during long 
swim practices, and as a result treatment focuses on strengthening and stretching the 
affected tissues in an attempt to reduce the pain and the stiffness of the shoulder.  
However, stiffness is currently a qualitative assessment, based on the therapists 
perceived resistance to motion.  Most often, clinical studies equate an increase or 
decrease in the range of motion, as a decrease or increase in stiffness.  However, no 
device previously existed which was capable of recording the torque required to rotate 
the shoulder, allowing quantification of the rotational stiffness of the shoulder. 
OBJECTIVE: 
Previously a senior design group adapted a device developed for animal studies 
to measure shoulder stiffness in internal and external rotation in humans (Sarver, 2015).  
However, this device was incapable of capturing the full range of internal and external 
rotation; did not securely attach to the arm, and was excessively heavy.  The objectives 
of this project, therefore, were to revise the shoulder stiffness device (STROM) and to 
use it to assess shoulder stiffness in swimmers before and after various forms of 
exercise.  More specifically: 
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Aim 1: Re-design STROM to suit the unique challenges of evaluating swimmers in a 
mobile testing set up. 
The following requirements were established to ensure the mobility of the device, 
comfort of the subject, and accuracy of the results:   
a) Testing must cause minimal discomfort and no pain  
b) Testing must take less than two minutes to occur  
c) Location of attachment site must be adjustable within minimum range of 18-32 
cm.  
d) Device ROM must include up to 135o in either direction from vertical 
e) Device must be able to fit within a standard carryon bag, max linear dimensions 
115 cm 
f) Maximum device weight is 10 kg  
g) Clamping mechanism must accommodate minimum of 6.4 cm thick table  
 
Aim 2: Use STROM to study shoulder stiffness in swimmers before and after swimming 
 Given that swimming involves stretching of the tissues, and swimmers 
anecdotally report “loose” shoulders, it was hypothesized that:  ROM, θmax, and θbreak, 
would all increase.  Furthermore, as shown in fatigue testing (Wren, Lindsey, Beaupré, & 
Carter, 2003), repeated loading is expected to reduce stiffness, therefore, rotational 
stiffness, as well as the torque required to move a given amount was expected to 
decrease. 
Aim 3:  Use STROM to study shoulder stiffness in swimmers before and after functional 
warmup 
The functional warmup consisted of stretches, body weight exercises, and other low 
intensity movements.  Consistent with the increase in rotation, and decrease in 
rotational stiffness of the ankle in response to stretching (Morse, 2008), it was 
hypothesized that range of motion, maximum angles, and break angles would all 
increase, while stiffnesses and break torques would decrease. 
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RESULTS: 
Aim 1:  Verification tests showed that  
a) No pain or discomfort was experienced by test subjects 
b) Testing could be completed within approximately 90 seconds per shoulder 
c) The attachment site could accommodate forearms up to 36 cm in length, with no 
minimum 
d) The device can accommodate angles between +170o and -185o 
e) The device comfortably fit in a 35x41x24 cm suitcase for transport, giving a total 
linear dimension of 100 cm 
f) Weight was decreased by 2 kg giving a final weight of 4.5 kg. 
g) The clamping mechanism could accommodate tables up to 12 cm thick 
Aim 2:  Two swim practices were used in the course of this study.  In the combined 
analysis, the only statistically significant finding was a decrease in the internal break 
torque with swimming.   
Value Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
τbreak, ext 0.95 ± 0.62 N-m 0.75 ± 0.46 N-m 0.004 
 
However, on the second day significant decreases in both internal and external 
stiffnesses were found in addition to the decrease in internal break torque.  The 
discrepancy is possibly due to variations in individual workouts or may have been 
obscured on the first day due to the large variation between individuals.   
Value Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
Krot, int 0.16 ± 0.05 N-m/o 0.14 ± 0.04 N-m/o 0.041 
Krot, ext 0.18 ± 0.06 N-m/o 0.14 ± 0.04 N-m/o 0.009 
τbreak, ext 1.06 ± 0.70 N-m 0.73 ± 0.43 N-m 0.007 
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Aim 3:  The functional warmup resulted in increases in both internal and external 
stiffnesses, increases in range of motion (biased towards additional internal motion), 
increases in the internal break and finally increases in the external break torque.   
Value Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
ROM 185.0 ± 13.9 o 190.6 ± 14.6 o 0.003 
θmax, ext 101.9 ± 11.3 o 106.1 ± 11.7 o 0.002 
θbreak, ext 82.6 ± 10.4 o 86.7 ± 10.4 o 0.004 
Krot, ext 0.15 ± 0.04 N-m/o 0.17 ± 0.04 N-m/o 0.027 
Krot, int 0.13 ± 0.04 N-m/o 0.15 ± 0.05 N-m/o 0.013 
τbreak, int 0.58 ± 0.33 N-m 0.91 ± 0.54 N-m <0.001 
 
DISCUSSION: 
 This was the first study to quantify changes in passive shoulder mechanics in 
swimmers following functional warmup and high volume swimming.  The device met all 
design criteria, but the clamping mechanism would need to be revised to accommodate 
different types of exam tables.  Also, further input from athletic trainers, an important 
stake holder, as well as feedback from subjects, should be evaluated to improve future 
versions.  Both activities caused a significant change in rotational stiffness, with 
swimming decreasing it, and functional warmup increasing stiffness.  Significant 
variability across individuals suggests the need for stricter inclusion criteria to allow 
clearer results, although different approaches to the data analysis are still being 
attempted.  Future studies could examine more subjects, and examine changes in 
shoulder stiffness throughout a season.  Finally, linking the stiffness data with medical 
history could begin to clarify the relationship between shoulder stiffness and should 
pain.  Currently, we don’t know if swimmers with stiff shoulders are more or less likely 
to suffer from an injury, or if there is any relation between stiffness and injury, however, 
this study indicates the device is sensitive enough so as to be able to ask such questions. 
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Introduction 
Background 
Swimming is an extremely popular competitive sport, and has shown consistent 
growth for several decades.  USA Swimming, the national governing body for 
competitive swimming, had 340,000 active members in 2014, and has had an average of 
2.6% annual growth in membership (USA Swimming, 2015).  Among those swimmers, 
estimates of the prevalence of shoulder pain range from 40% to 91% (Tate et al., 2012).  
In addition to being a major hindrance of their enjoyment of the sport, shoulder pain is 
frequently associated with overuse injury of the shoulder, and is an indicator of 
increased risk of more severe damage.   
 Collegiate swimmers complete an average of between 10 and 14 kilometers 
every day they practice, which—assuming 10 stroke cycles per lap—gives over 4,000 
strokes each day of practice (Tate et al., 2015; Hibberd & Myers, 2013)).  Over 90% of 
the force used to propel swimmers forward is generated by the upper extremity and 
must be transmitted through the shoulder, and the strokes used in swimming force the 
shoulders into extreme angles (Heinlein & Cosgarea, 2010).  Together, these conditions 
place a great amount of stress upon the rotator cuff and biceps tendon, resulting in 
frequent overuse injury, termed swimmer’s shoulder (Hibberd & Myers, 2013).   
 Specifically, swimmer’s shoulder is inflammation of the shoulder caused by 
repetitive impingement of soft tissues within the shoulder joint.   Specific impingements 
which have been associated with increased risk of swimmers shoulder include 
impingement of the long head of the biceps muscle against the anterior coracoacromial 
arch during the pull-through phase of the free-style stroke and impingement of the 
supraspinatus muscle between the greater tuberosity of the humerus and the 
coracoacromial arch.  Supraspinatus impingement occurs during the recovery phase of 
the freestyle stroke particularly when the muscles of the rotator cuff become fatigued 
and are unable to efficiently rotate and depress the head of the humerus.  ("Swimmer's 
Shoulder", 2016) 
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 Swimmer’s shoulder is a progressive condition with initial pain usually only being 
noted during or immediately following swimming ("Swimmer's Shoulder Clinical 
Presentation: History, Physical, Causes", 2016).  While the pain initially fades quickly, it 
is considered an early warning sign of potential chronic rotator cuff tear, which is 
longer-lived and causes stiffness and a reduction of the range of motion of the shoulder 
(Ma, 2015).  The increased stiffness forces the rotator cuff muscles to work harder, 
fatiguing them more quickly, and the reduced range of motion forces compensatory 
modifications to swimmers’ strokes.  The fatigue and compensation in turn continue to 
worsen the impingement.  Therefore, as athletes try to swim through the pain, the 
condition generally worsens with pain increasing in both severity and duration until it 
problematic even outside of practice.   
 Baseball pitchers are vulnerable to overuse injuries, much like swimmers.  One of 
the most common—and best known—injuries affecting baseball players is a tear of the 
ulnar collateral ligament (UCL).  This injury, much like swimmer’s shoulder, is caused by 
the repetitive, excessive stress on the ligament imposed by the high forces involved in 
pitching, and can only be fixed through surgery (Hopkinsmedicine.org, n.d.).  Lyman et 
al. found that elbow pain was reported by 25.5% of youth pitchers, shoulder pain was 
reported by 32% of youth pitchers, and 47% reported pain in either the elbow or 
shoulder (Lyman et al., 2001).  In attempt to reduce the incidence of pain and injury 
associated with pitching, a program called Pitch Smart was developed as an attempt to 
limit the number of pitches baseball players are allowed to perform daily, and force 
mandatory rest periods among athletes (Major League Baseball, 2015).  
 Depending on the estimate used, swimmers are either at a similar, or increased 
risk for pain associated with overuse injury, as compared to baseball pitchers.  Despite 
this, limitations have been placed on practice volume for baseball pitchers, but not for 
competitive swimmers. 
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Knowns 
Leading into this study, several important factors must be established:  As 
indicated previously, certain types of athletes whose sports involve significant overhead 
motion and weight-bearing of the upper extremity are at an increased risk for many 
types of shoulder injuries.  While the exact relations are unknown, there is a general 
consensus that passive joint mechanics are a useful indicator for the health of joints, as 
indicated by the prevalence of passive evaluations in physical therapy practices.  Finally, 
the success of pitching limits indicates that it is possible to reduce the negative impact 
on the shoulder in such a way that continued athletic participation is not impossible. 
Unknowns 
 While it is known that certain athletes are at a higher risk of overuse injury, and 
that these injuries are associated with changes in passive mechanics, the exact 
relationship is not known, and there are many questions left to be answered:  Do certain 
activities minorly injure the tissues which stabilize the glenohumeral joint, and then 
repeated trauma develops into long-term, lasting damage?  Do certain activities cause 
inflammation and then continued use of these tissues cause acute damage?  What 
activities are directly responsible for development of the chronic issues?  Can 
preventative measures such as stretching give an immediate benefit to reduce the 
damage that may or may not be caused by these activities? 
 Studies suggest that swimmers and other athletes with overuse injuries of their 
shoulders experience increased “stiffness” of the shoulders (Ma, 2015).  Is this simply a 
reduction in the range of motion, or does an increase in actual rotational stiffness of the 
joint occur?  Are any differences that may be present due to changes in the tissue 
stretching phase of rotation, or are they due to changes in the slack elimination phase of 
rotation?  Is there a certain magnitude of change in the passive mechanics at which 
tissue damage is inevitable?  If so what degree of change is considered “normal”? 
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Specific Aims 
 In order to begin answering some of these questions, it necessary to be able to 
directly measure the passive shoulder mechanics.  A senior design group at Drexel 
University previously adapted a device which was developed for animal studies to 
measure shoulder stiffness in internal and external rotation in humans (Sarver, 2015).  
However, this device was incapable of capturing the full range of internal and external 
rotation; did not securely attach to the arm, and was excessively heavy.  The objectives 
of this project, therefore, were to revise the shoulder stiffness device (STROM) and to 
use it to assess shoulder stiffness in swimmers before and after various forms of 
exercise.  More specifically: 
Aim 1: Re-design STROM to suit the unique challenges of evaluating swimmers in a 
mobile testing set up. 
 
Aim 2: Use STROM to study shoulder mechanics in swimmers before and after 
swimming 
  
Aim 3:  Use STROM to study shoulder mechanics in swimmers before and after 
functional warmup 
 
Summary 
 Overhead athletes, including swimmers, are at an increased risk of overuse 
injury, and it is believed that changes in the passive shoulder mechanics may allow 
characterization of the injury mechanism.  Such a characterization may eventually lead 
to practice guidelines or allow the development of novel treatment methods to reduce 
the future incidence of overuse injuries in overhead athletes.  In order to begin this 
process, development of an appropriate device, and collection of quantitative data 
describing the short-term changes in passive shoulder mechanics is needed.   
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Aim 1: Design  
Problem Statement 
Need 
Medical Need 
As previously mentioned, USA Swimming had 340,000 active members in 2014, 
and estimates of the prevalence of shoulder pain range from 40% to 91% among 
swimmers.  Therefore, conservatively 136,000 people suffer from shoulder pain due to 
swimming.  Using the more extreme numbers, over 300,000 people could be suffering 
from shoulder pain due to swimming.   Furthermore, 22.1% of the general population 
has rotator cuff tears, whether symptomatic or not, and the incidence is even higher 
among current and past competitive swimmers (Minagawa et al., 2013).  Guidelines, 
preventative measurements and treatments to reduce the incidence of overuse injury 
could benefit all of these people by reducing the amount of pain they experience, and 
the risk of them needing surgery for extreme conditions such as rotator cuff tears.  
Development of these preventative measures, treatments and guidelines requires 
extensive study of the progression of overuse injury, which in turn requires an accurate 
way to quantify passive shoulder mechanics. 
Existing Solutions 
 Existing methods to evaluate the passive 
shoulder mechanics are very limited, and can be easily 
grouped into a qualitative and quantitative approaches.  
The most frequently used approaches are qualitative 
such as those performed by physical therapists on their 
patients.  A common approach is to have the patient 
either prone or supine, with their shoulder abducted to 
90 degrees, and the elbow flexed to 90 degrees.  The shoulder is then rotated passively 
by the therapist who makes qualitative observations about the normality of the range of 
Figure 1. Physical therapist performing 
traditional, qualitative evaluation. 
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motion and stiffness of the shoulder.  This type of evaluation, however cannot produce 
numerical data, and is therefore extremely limited in usefulness.  
 Quantitative approaches are therefore preferred for research.  The primary 
quantitative approach used currently is the goniometer.  While goniometers do produce 
numerical data, which is much more useful in analysis, they are prone to inconsistency.  
According to Armstrong et al, average intertester variability ranges between 3.2 and 
12.3 degrees depending on the model of goniometer used, and the range of motion 
being measured (Armstrong, MacDermid, Chinchalkar, Stevens, & King, 1998).  
Furthermore, if it is desired to pair the angle measurements with another measurement 
such as torque, then two separate systems must be coordinated to try to capture the 
appropriate relationship between the corresponding measurements.  Finally, each 
individual point must be hand recorded when using a goniometer, so getting a large 
number of data points is extremely time consuming.  While these issues may be 
acceptable in a clinical setting, they present serious issues when performing 
computations such as regression analysis to find 
more descriptive characteristics, such as the 
rotational stiffness of a joint. 
 A senior design group at Drexel University 
previously adapted a device which was developed 
for animal studies to measure shoulder stiffness in 
internal and external rotation in humans (Sarver, 
2015).  This device, Shoulder Torque and Range of 
Motion (STROM), was constructed to mimic the 
physical therapy evaluation previously mentioned, 
with the subject supine, with the shoulder 
abducted to 90 degrees, and the elbow flexed to 
90 degrees.  This device eliminates many of the issues associated with goniometers:  By 
electronically recording torque and angle of the forearm, it is easy to record large 
amounts of accurately paired data.  However, STROM was not without issues: it was 
Figure 2. Original human adaptation of STROM 
being used to evaluate a patient. 
7 
Shoulder Stiffness: Quantification of Overuse Injury in Competitive Swimmers 
constructed in such a way that the forearm was above the surface of the table.  This 
means that at ±90o of shoulder rotation, the hand will hit the evaluation table, and 
further rotation is impossible.  The average range of motion is 180 degrees, and since 
overhead athletes frequently have extended ranges, there is a high probability that the 
full range of motion would not be adequately captured by their device (McCully, Kumar, 
Lazarus & Karduna, 2005).  Additionally, the original method for securing the forearm to 
STROM allowed for significant axial motion of the arm.  The arm sliding along the length 
of the device would change the relationship between the shoulder rotation angle, 
confounding the data.  Finally, athlete evaluations, particularly if they are to look at 
acute changes would need to be completed at the site of activity, be it the gymnasium, 
playing field or pool.  The human adaptation of STROM was large, bulky, and heavy, 
making frequent transport and setup of the device difficult. 
Table 1. Existing Solution Decision Matrix. 
Criteria Manual Evaluation Goniometry STROM 
Numeric Data No Yes Yes 
Repeatability/Accuracy Low Moderate  Mod-High 
Sampling Frequency N/A Low High 
Torque/Rotational Stiffness Qualitatively No Yes 
Full ROM Yes Yes No 
Transportability Good Good Bad 
Stability of Setup Good Good Bad 
Objective 
 From the decision matrix seen in Table 1, it is clear that none of the existing 
solutions are sufficient for large scale data collection on passive shoulder mechanics.  As 
a result, it was deemed necessary to design a new way to gather the requisite data 
avoiding the pitfalls of the existing solutions.  The issues seen with the initial human-
adapted STROM are due to the design of the individual device, and not intrinsic to the 
approach itself.  Therefore, the first aim of this project was to redesign STROM to 
improve the suit the unique challenges of evaluating swimmers in a mobile testing set 
up. 
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Design Inputs 
Constraints 
 In developing an approach to the redesign of STROM, several important 
constraints were identified.  The constraints are due to both human factors, and 
environmental factors. 
When volunteering for a study, subjects are giving up their free time and 
subjecting themselves to unfamiliar procedures.  This is already an uncomfortable 
situation for them, and any pain or serious discomfort experienced by subjects increases 
the likelihood of non-compliance with experimental protocol, as well as issues with the 
IRB.  There is considerable variability in anatomy between people, and a device which is 
designed to one specific person is unlikely to be able to accommodate many others.  
The range of motion of the average human is 160o, but there is considerable variation 
between people, and overhead athletes in particular, have extended ROMs, possibly 
with significant biases to either internal or external rotation.   
Testing must occur at the location of practice in order to obtain the most useful 
data possible.  However, these sites are likely to be poorly suited to the storage and 
setup of research equipment, and do not allow for sufficiently secure storage of data 
which may be considered medically sensitive.  Therefore, it was necessary for the device 
to be sufficiently portable, and adaptable to different testing environments.   
Finally, to ensure maximum utility of the device, it must be flexible to multiple 
different testing environments.  Since it is highly inconvenient to bring a specific 
examination table to different locations, whatever examination table is conveniently 
available will likely be used. 
In short: 
1) Subjects have limited tolerances for testing 
2) Anatomical variance is significant among subjects 
3) The average range of motion is 180o, but is highly variable 
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4) The device must be frequently moved and set up 
5) Use of varying evaluation tables may be necessary 
Requirements 
 In order to be able to successfully gather data within the established constraints, 
specific requirements were established.  These requirements could then be used to 
guide the redesign of STROM. 
 The limited testing tolerance of subjects led to two requirements, the first of 
which is the most important of all the requirements:  evaluation of subjects with STROM 
should cause absolutely no pain, and any associated discomfort should be minimized.  In 
a device whose long-term goal is to reduce the risk of pain and or injury, there is no 
ethical justification for allowing subjects to experience any form of pain.  Secondarily to 
this requirement, it is necessary to minimize the inconvenience to evaluation subjects.  
Student athletes are the most likely subjects for any studies involving STROM, and 
frequently have very busy schedules.  Therefore, evaluation with STROM must occur 
rapidly, ideally within two minutes.   
 Anatomical variance among subjects limits the mechanical design of STROM.  
Because the device is intended to attach to the forearm, this is the anatomy which is 
most relevant to the design of the device. Forearm length can vary significantly from 
person to person, with the minimum and maximum elbow to fingertip distance ranging 
from 38 and 52 cm in one study (Kumar, Srivastava & Verma, n.d.).  Using the average 
hand length of 19.6 cm, it is possible to estimate the range of forearm length alone as 
between 18.4 to 31.4 cm (Agrawal, Raichandani, Kataria & Raichandani, 2013).  To allow 
the device to be used for patients of all sizes, the attachment location for the device 
must be able to be adjusted between 18 and 32 cm from the axis of rotation of the 
shoulder. 
 The extent of the average ROM of the glenohumeral joint means that the device 
must allow for rotation of the forearm below the surface of the table, in excess of the 
180o limit of the predicate.  The average range of motion of the shoulder is 
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approximately 180o, but the range in each direction can vary from person to person 
(McCully, Kumar, Lazarus & Karduna, 2005).  Most patients’ shoulders are biased 
towards external rotation by about 20 degrees, and others have further deviations in 
the neighborhood of 10-15 degrees in addition to the normal bias (McCully, Kumar, 
Lazarus & Karduna, 2005).  This gives a maximum expected rotation in either direction 
of 135o in either direction.  In order to capture the full ROM of the majority of the 
population, STROM must be able to rotate and measure in excess of this maximum 
expected angle. 
 The variability in evaluation locations requires high mobility on the part of the 
device.  The two most important considerations for mobility are weight and bulk.  The 
most convenient method of transport would be to be able to put the device in a rolling 
suitcase and bring it that way.  Larger suitcases make the transport less convenient, 
therefore the device should be able to fit within a standard airplane carryon luggage.  
American Airlines is one of the largest airlines in the country so their policy was used to 
establish the specific criteria.  American Airlines requires carryon luggage to not exceed 
115 linear centimeters, calculated as the sum of the length, width and height of the 
luggage ("Carry-on baggage − Baggage − American Airlines", 2017).  The predicate 
device was designed with a maximum weight of approximately 10 kg, and in order to 
represent a significant improvement on the predicate, the redesign should not exceed 
this same limit.  Ideally, the redesign should show a reduction in weight over the 
predicate, but with the gross redesign of the structure required to satisfy the other 
requirements this may not be possible.   
 Finally, the use of varying examination tables means that the device must not be 
integrated to a specific table, and must be readily adapted to different examination 
tables.  While data for the entire range of examination tables is impractical to compile, 
the Hausmann Exam Table—which is an example of a typical exam table—has a table 
top thickness of two inches ("Hausmann Exam Table: Office Equipment Company", 
2016). To allow space for movement during attachment, the attachment mechanism 
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should have at least an extra half inch of opening beyond the average examination 
table.  This gives an absolute minimum opening of 2.5 inches, or 6.4 centimeters. 
 In short: 
a) Testing must cause minimal discomfort and no pain  
b) Testing must take less than two minutes to occur  
c) Location of attachment site must be adjustable within minimum range of 18-32 
cm.  
d) Device ROM must include up to 135o in either direction from vertical 
e) Device must be able to fit within a standard carryon bag, max linear dimensions 
115 cm 
f) Maximum device weight is 10 kg  
g) Clamping mechanism must accommodate minimum of 6.4 cm thick table  
Verification Method 
 Satisfaction of the specific design requirements can all be verified through simple 
direct measurement apart from requirement a.  To ensure this requirement is satisfied, 
the subjects can be regularly asked if any pain or discomfort is occurring during design-
related fittings as well as during actual data gathering.  Requirement b can be evaluated 
by timing evaluations.  Requirement c can be evaluated by measuring the functional 
range of the forearm attachment site.  Requirement d can be evaluated by recording the 
angle of rotation when the device is maximally rotated.  Requirement e can be 
evaluated by placing the device within an appropriate suitcase.  Requirement f can be 
evaluated by simply weighing the device.  And finally, requirement g can be evaluated 
by measuring the maximally opened clamping mechanism.   
Solution 
Mechanical Redesign 
 Mechanical redesign of STROM occurred almost entirely in the Drexel University 
machine shop.  A complete lack of funding meant that all redesign needed to use 
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existing parts of the device, scrap material, and readily available fasteners.  Specific 
improvements to the mechanical design are as follows. 
 First, the main frame of the device was completely redesigned.  It was noted that 
the device allowed for very large adjustment of the height, but the human shoulder can 
never be more than a few inches off the examination table when a subject is supine.  
This arrangement was identified as a potential opportunity, as the material and parts 
from the height adjustment could easily be repurposed.  Therefore, the frame was 
completely disassembled, and rearranged using the excess material to move the 
rotating axis off the edge of the table, in order to satisfy the ROM requirement 
(requirement d).   
 Next attention was directed to the shaft of the rotating joint.  While the rotating 
hardware chosen by the senior design group provided a very smooth rotation, the shaft 
they had built to connect the rotating joints was less ideal.  The shaft was excessively 
long, and limited the extension of the device off the edge of the examination table.  This 
was fixed simply by removing the shaft, and cutting it down to maximize the off-table 
extension.  Upon removing the shaft, it became apparent that it had been poorly 
machined: The shaft had several rough cuts, and when the diameter had been 
decreased to allow it to fit in the rotating joints, poor technique had been used, 
resulting in a non-linear axis that caused a wobble of the forearm plate during rotation 
of the device.  To remedy this, the shaft was lathed in its entirety to give a smooth 
cylinder with no apparent geometric deformities.  Once the shaft was shortened, it was 
noticed that the hardware used to fix the rotating joint was excessively long.  While this 
was not an issue in the original human adaptation of STROM, the reduced shaft length 
of the rotating joint caused the protruding length of the bolts to hit one another during 
rotation, limiting rotation.  As a result, the bolts were shortened to reduce the excess 
length.  Because the bolts used were large and made of steel, this shortening provided a 
measurable reduction of weight as well. 
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 The rotating joints were attached to the frame of the device with three 
aluminum plates each.  The use of aluminum for weight reduction was ideal, however, 
the plates themselves were very large rectangles resulting in a large amount of excess 
material.  The plates were therefore cut down to conform their shape to the attachment 
sites of both the frame and the rotating joints.  The attachment of the joint to the 
rotating arm of the device was similarly cut down, further eliminating excess material.   
 While the rotating joint used, provided an extremely smooth rotation, and was 
able to support a significant amount of weight without compromising the rotation, it is, 
however, very large and bulky.  As a result, it also reduced the distance between the 
edge of the table and the rotating arm of the device.  To continue to move the rotating 
arm away from the edge of the table, the attachment of the rotating joint was 
rearranged such that the attachment could be placed on the far side of the frame, giving 
several centimeters of extension from the table.   
 The original height adjustment mechanism was kept intact during the frame 
redesign, as it would allow the height to be customized for varying thicknesses of 
examination tables.  However, the way the joint was secured following adjustment of 
the height included two mechanisms to secure it.  Should this fail, the associated risks 
are minimal: the rotating arm would fall a few centimeters to the bottom of the frame, 
where it would stop without damaging the electronics, or even causing the patient 
discomfort.  Therefore, the redundant hardware was removed, again reducing the 
weight.   
 When faced with the issues of attaching the sensors the senior design group had 
made flat plates to mount the sensors to, in addition to the plate used to attach the 
subject’s forearm to the device.  The plates they used were made of stainless steel and 
very thick HDPE. Furthermore, the plate sizes had been chosen as a matter of 
convenience, rather than by choosing the best fit for their individual purposes.  
Therefore, a new plate was chosen from the scrap pile which could serve the purposes 
of both plates on the original design.  A smaller aluminum plate was chosen, as it would 
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provide the needed rigidity, but would be significantly lighter than either the steel or 
HDPE plate were individually, and significantly lighter than the combination of both.   
 Next, to address the issue of lateral sliding of the forearm on the device, a 
curved brace was added to the plate where the forearm is secured.  A very thin gage 
steel was rolled around a pipe to create a consistent curve and then mounted to the 
bottom of the plate using elbow brackets.  This created a “bottom” to the forearm plate, 
giving a consistent guide for the placement of subjects’ forearms, preventing sliding 
along the length of the plate, and only added a minimal amount of weight due to the 
very thin material used.  Furthermore, the rounded shape and smooth edges given to 
the plate ensure that the support provided to the subjects’ elbows by the plate is very 
gentle and unlikely to cause any discomfort.   
 The final mechanical issue addressed was the specific clamping mechanism used 
to attach the device to the table.  The original device needed to be clamped to the table 
entirely at once.  Given that the device consists of two large parts which can rotate 
freely, and the clamping mechanism is not integral to the device, clamping it to the table 
was very difficult with only a single person.  To improve upon this, a small bracket was 
created which could go between the clamp and the frame of the device.  This way, the 
bracket could be attached to the table on its own, and the frame of the device simply 
slid into the bracket.  Attaching the device in this manner is much simpler when only a 
single person is available.  Additionally, the bracket allows for improved stability on 
examination tables with lips on the underside of the table.   
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Final Mechanical Design 
 The final design of the device can be broken 
into two main components: the immobile frame, and 
a rotating arm. 
 The immobile frame consists of two slotted 
aluminum bars attached in an L configuration.  The 
bottom of the L shape extends the device from the 
edge of the evaluation surface, allowing the arm to 
rotate past 90o.  It also is placed in the mounting 
bracket which is clamped to the table, serving as the 
attachment site for the entire device.  The vertical 
portion of the frame uses a sliding bracket to allow 
for adjustment of the height of the rotating arm. 
 Attached to the sliding bracket, is the joint 
which supports the rotating arm, while allowing 
rotation to occur freely and smoothly.  Moving along 
the length of the rotating arm, the next portion is the handle, which is easily identified 
by the red covering in Figure 3.  The handle is where the person performing the 
evaluation applies force to rotate the subject’s shoulder.  The final portion of the 
rotating arm is the attachment site for the subject’s arm, consisting of the plate to 
which the forearm is strapped, and the curved elbow support at the bottom. 
Figure 3.  Final mechanical design of the 
revised STROM showing how an arm is 
attached. 
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Mechanical Design Results 
Requirement Result 
Testing must cause minimal discomfort 
and no pain  
No pain or discomfort was experienced 
by test subjects 
Testing must take less than two minutes 
to occur  
Testing could be completed within 
approximately 90 seconds per shoulder 
Location of attachment site must be 
adjustable within minimum range of 18-
32 cm.  
The attachment site could accommodate 
forearms up to 36 cm in length, with no 
minimum 
Device rom must include up to 135o in 
either direction from vertical 
The device can accommodate angles 
between +170o and -185o 
Device must be able to fit within a 
standard carryon bag, max linear 
dimensions 115 cm 
The device comfortably fit in a 35x41x24 
cm suitcase for transport, giving a total 
linear dimension of 100 cm 
Maximum device weight is 10 kg  Weight was decreased by 2 kg giving a 
final weight of 4.5 kg. 
Clamping mechanism must accommodate 
minimum of 6.4 cm thick table  
The clamping mechanism could 
accommodate tables up to 12 cm thick 
Electronic Redesign 
Figure 3, above, shows the device following mechanical redesign, but prior to 
any electronic redesign.  There are four primary electronic components to the device: A 
torque sensor, which is mounted between the handle and forearm attachment portions 
of the rotating arm; an inclinometer which is mounted to the handle of the rotating 
arm; and amplifier circuit which was attached to the device only by the wires to the 
torque sensor and inclinometer; and an Arduino to allow output of the data to a 
computer.   
 The largest issue with the electronics of the predicate were the lack of mounting 
for the amplifier circuit and the Arduino.  When the device is mounted on a table, these 
components were originally freely hanging by the wires to the sensors.  Obviously, this 
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results in significant strain upon the wires, and high risk of breakage.  To remedy this, 
the amplifier circuit was placed in a circuit box padded with insulating foam, and both 
this box and the Arduino were mounted to the immobile frame of the device.   
 Next, the amplifier circuit was poorly constructed:  the amplifier had been 
broken, many of the jumpers used were in poor shape, and all of the components were 
poorly soldered to the breadboard.  These components were replaced, and the worst of 
the soldering was cleaned up.  An exact replacement for the instrumentation amplifier 
could not be found, so a similar substitute from a competitor was used.  The gain-
resistance relationship was not identical, so the gain-setting resistors were changed to 
maintain the required gain. 
 Another risk to the mechanical integrity of the electronics was the connections 
between the primary components.  The cable between the torque sensor and the 
amplifier circuit was hard wired on both ends, but the device must frequently be 
disassembled for transport.  Should the rotating arm and the frame be moved 
separately from one another, then this cable would experience extreme tension, risking 
breakage.  While the cable between the inclinometer and the amplifier circuit could be 
disconnected at the inclinometer, it was also hardwired into the amplifier circuit.  The 
power supply from the Arduino could easily be removed from the Arduino, but was also 
hardwired in to the amplifier circuit, and the connection was made simply with two 
flexible jumper cables.  This connection was therefore, also not robustly constructed 
and prone to damage.  Finally, all three of these connections lacked any form of tension 
release at the amplifier circuit; they were simply held on by the solder applied to the 
wires.  In order to reduce the risk of breakage, these three connections were replaced 
with ribbon cables, connectors were spliced in, and the connections to the amplifier 
circuit were secured to the board to reduce the strain on the solder attachments. 
Program Design 
 The predicate device did not include any associated software to facilitate data 
collection.  In order to be useful, a completely novel program was needed.  Because 
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evaluation must occur as quickly as possible, it was decided that a graphical user 
interface (GUI) was the best option, as it would allow for significant background work to 
be done within the code, and create a clear pattern to be followed when collecting data.  
The GUI was developed within MATLAB, and required 8 scripts in total.   
 The primary script generated the GUI and defined the actions associated with 
each component of the figure.  Two functions were used to convert the voltage readings 
from the Arduino into torque and angle data.  One function ran the basic analysis for the 
data while it was being collected, with three functions used for the nonlinear fits 
required as part of the analysis, and the final function generated plots and displayed 
them on the GUI allowing immediate confirmation of the data quality.  
 
Figure 4.  GUI Interface upon initial opening. 
 In Figure 4, the GUI can be seen.  Along the left-hand side there is a series of 
buttons which show the tasks which can be completed by the GUI in the order they 
need to be completed in.  The GUI first allows connection of MATLAB to the Arduino and 
opens a message box asking the user to wait while the program connects to the device.  
Upon successful connection, the message box disappears, the box next to the Connect 
button becomes checked, and the Start button becomes active.  The Start button opens 
the established data link and begins the reading of the output from the Arduino.  Upon 
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pressing Start, the box next to the button becomes checked, and Record becomes 
available, and Start becomes grayed out.  Pressing Record begins storage of the data 
within global variables, and should be 
done immediately prior to performing 
the evaluation procedure.  Pressing 
Record checks the corresponding box, 
makes the Stop button available, and 
grays out Record. So as to obtain the 
most precise data possible, the time 
between each data point is variable 
and data is read as quickly as the 
computer is able.  Pressing the Stop button again checks the corresponding box, and 
grays itself out.  The start button becomes available should saving the data not be 
desired.  The Calculate button takes the global variables defined during the Record 
phase, performs the basic analysis on the individual data set, and writes all of the raw 
data, analysis results, and evaluation parameters to a procedurally named excel file.   
 Several error mitigation techniques were incorporated into the program.  During 
the Start stage, a scrolling trace of the angle and torque data appears on the left axes 
(Figure 4) allowing visual confirmation that the device and connections are functioning 
properly.  In this plot, evaluators should look for both data sets being centered at 0, and 
a close correlation between torque and angle.  Torque is expected to stay near zero at 
moderate angles, as the shoulder is not being stretched.  This trace is stopped when 
Record is pressed in order to reduce the CPU usage and accelerate reading of the data.   
The calculate button plots traces of angle and torque over time on the left axes, 
and angle versus time as a phase plot on the right axes (Figure 4).  This allows visual 
confirmation of the data quality, so that evaluation can be repeated if any issues such as 
a slipping shoulder, or sensor misread confound the data.  In this plot, the data should 
Figure 5.  Trace plot showing torque and angle over time.  This 
trace shows good data with the expected angle-torque 
relationships. 
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appear as two opposing crescent 
shapes linked at (0, 0).  Each loop 
across the double crescent should 
match the others very closely, and the 
relationship along the circled regions 
in Figure 6 should be linear.   
The Calculate button will 
generate error prompts should any of 
the evaluation parameters along the 
bottom of the GUI be left blank, 
preventing the saving of undefined 
trials.  To prevent overwriting existing data, the program also checks for files with the 
same name before saving and generates error messages preventing the overwrite.  
Additionally, upon successfully saving the data, all of the evaluation parameters are 
cleared, meaning that a researcher cannot accidentally update only some of the 
parameters and record a file with partially incorrect evaluation parameters.   
Automated Data Analysis 
 One of the programs embedded within the GUI performs part of the data 
analysis automatically.  This program takes inputs of the torque and angle data, and 
calculates the ROM, internal and external stiffnesses, maximum angle, break torque, 
break angle, and R2 values.  Having this 
process automated saves a significant 
amount of time and allows manual 
data analysis to simply be statistical 
comparisons between desired groups. 
 This program, called 
STROM_analyze, begins by finding and 
eliminating discontinuities in the data.  
Figure 6.  Phase diagram of torque vs angle.  The positive angle 
region shows very clean data, while the negative angle region 
is acceptable, but less than ideal.  Primary regions of interest 
are circled in red. 
Figure 7.  Process of data filtering shown for angle data. 
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Outliers are eliminated by finding the difference between each successive point, taking 
the standard deviation of the differences, and eliminating any point which has an 
absolute difference exceeding two standard deviations.  Any outliers were eliminated 
from both torque and angle data in order to keep the correct relationships between the 
two.  The data was then smoothed, and the tails at the beginning and end of the trials 
were eliminated.  Tails were eliminated by removing everything before the first angle 
greater than 15o and after the last angle greater than 15o.  This filtering process can be 
seen in Figure 7.  
Next, the data was parsed into 
cycles by identifying points where the 
angle crossed zero.  Because the 
region of interest is the stretching of 
the tissues, rather than the relaxation, 
each cycle was clipped at the most 
extreme angle.  This cycle parsing can 
be seen in Figure 8. 
The final portion of 
STROM_analyze was analysis of each 
of the cycles identified in the parsing.  
This was accomplished by performing 
a custom bilinear fit.  During passive 
rotation of the shoulder, the arm can 
freely rotate at low angles as the 
tissues have slack and are not resisting 
the rotation.  Once all the slack has 
been removed, the amount of torque 
needed begins increasing with further rotation.  This point—termed the break point—
therefore defines the boundary between two separate torque-angle relationships.  The 
Figure 8.  Cycle parsing process, showing angle data. 
Figure 9.  Analysis for one of the cycles identified during cycle 
parsing. 
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bilinear fit was found by fixing the ends of the fit at the initial and final angles and 
torques from the cycle data and then varying the location of the break point to find the 
best match.  Each individual half cycle can therefore be given a rotational stiffnesses, 
maximum angle, break torque, break angle, and R2 value.  ROM was calculated by 
taking each internal/external rotation pair of half cycles and finding the difference 
between the maximum and minimum angle.   
Calibration 
Outputs from the sensors and the amplification circuit were connected to the 
analog channels of the Arduino, so all data was transmitted to the computer as voltages.  
Therefore, it was necessary to calibrate the programs to accurately convert the data to 
angles and torques.  Additionally, the torque readings were adjusted to remove torque 
which was due to the weight of the device.  These calibrations were done via two of the 
functions embedded within the GUI.   
Angle Calibration 
 Angle measurement was calibrated using a level.  STROM was clamped to a 
table, and the level was attached to the forearm plate of the rotating arm with the edge 
aligned with the edge of the plate.  Due to the orientation of the sensor, rotation 
beyond a certain angle caused the voltage to wrap around from the maximum voltage 
to the minimum voltage.  To ensure continuity across the entire range of the device it 
was necessary to eliminate this wrap-around.  To accomplish this, voltages were 
recorded while slowly rotating the arm throughout the entire range for ten full cycles.  
From this data, the maximum voltage (Vmax) was found, and a cutoff voltage (Vcutoff) was 
chosen.  Because there is a small range of angles through which the arm physically 
cannot be rotated, there is a corresponding voltage range which did not appear in this 
data set.  Vcutoff was chosen as the middle of this region.  The rotating arm was then 
fixed vertically, pointing up, a minimum of 50 continuous data points was recorded, and 
the average neutral voltage (V0) was calculated.  This was repeated with the arm fixed 
vertically pointing down, giving the maximum voltage (V180).  The calibration function 
was then defined to output the angle in degrees based on the following equations: 
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 The accuracy of the calibration function was then checked by recording the 
outputs at 0o, ± 90o, and 180o.  Additionally, the device was slowly rotated through the 
angle which corresponded to Vcutoff to ensure there was no visible discontinuity on the 
angle trace. 
Torque Calibration 
 To begin torque calibration, the rotating arm was supported horizontally (as 
defined by a level) by the handle, and the forearm plate was suspended only by the 
torque sensor.  Therefore, any load applied to the forearm plate would be transmitted 
through the torque sensor.  A bucket was attached to a hole in the forearm plate, and 
the distance from this hole to the center of the torque sensor (L) was measured.  A 
minimum of 50 angle readings were taken with the arm in this position, and the sine of 
each reading was 
calculated.  Based on the 
mean of 0.9999 and 
standard deviation of 
3.29E-4 for the value of 
the sine, L was taken as 
a very good 
approximation of the 
moment arm.  Water 
was then added to the 
bucket in known quantities to apply a load on the forearm applied, while recording 50 
data points for each quantity.  Because both the volume of water and moment arm of 
the resulting load was known, it was possible to calculate the applied torque and 
therefore determine the torque-voltage conversion factor.  Results of the torque 
Figure 10.  Results of torque calibration. 
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calibration can be seen in Figure 10.  The high R2 value suggests that the slope of the 
regression equation is a very accurate conversion ratio between torque and voltage.   
Intrinsic Torque Removal 
 In order to ensure the 
bilinear fit works as well 
as possible, it was 
necessary to eliminate 
torque measured by the 
sensor which was due 
only to the weight of the 
forearm plate.  This 
torque varies with the 
angle of the rotating arm 
sinusoidally, and causes 
the slack region of 
subject data to appear 
curved.  However, this 
torque is balanced by the 
evaluator applying an 
eccentric force on the 
handle, opposing further 
rotation, and is not resisted 
by the shoulder during free 
rotation.  Intrinsic torque 
was measured by rotating 
the empty arm throughout 
the entire range of motion 
and computing a sinusoidal fit with the x-intercepts forced to be at 0 and ± 180o.  As 
Figure 11.  Intrinsic torque showing the expecting sinusoidal trend. 
Figure 12.  Intrinsic torque after controlling for the sinusoidal trend. 
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seen in Figure 12, no trend was visible in the phase diagram of the empty data once 
intrinsic torque was controlled for, indicating that the correction was successful.   
Validation Reports 
Introduction 
 Although the redesigned STROM shows promise as an accurate way to quantify 
passive shoulder mechanics, before it can be used for study of the progression of 
overuse injury, its sensitivity and ability to detect clinically significant differences must 
first be validated.  Comparison of two groups which can be evaluated equivalently, but 
whose passive shoulder mechanics are almost certainly different is one way to do this.   
Subjects 
 Gender dimorphism of many anatomical characteristics is very well documented, 
and it is logical to assume that passive shoulder mechanics would show a similar 
difference between males and females.  15 competitive collegiate swimmers had both 
shoulders evaluated before and after two practices each.  7 of the swimmers were male, 
and 8 were female.  Hand dominance was not within the scope of the IRB, but given the 
commonality of right-handedness, significant differences may also be apparent between 
the left and right shoulders even without controlling for handedness.  Finally, internal 
and external rotation is resisted by completely different tissues, and should be 
significantly different in almost every parameter measured.   
Methods 
 Evaluations were performed at the Daskalakis Athletic Center pool over the span 
of one week.  Individual evaluations were scheduled based on the team practice 
schedule and athletes’ class schedules.  Evaluations with STROM were performed on a 
heavy duty folding table in a corner of the pool area that would not obstruct practices or 
risk getting water on the electronics.  No more than four athletes were evaluated at a 
single practice to allow all evaluations to occur within 30 minutes prior to the start of 
practice and within 15 minutes following the completion of practice.  Practices were 
chosen such that all athletes were evaluated before and after the same kinds of 
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practices as one another, and practices of the same variety were as similar to one 
another in both timing and structure as possible.  Within each evaluation, 4-8 complete 
cycles were completed on each shoulder, always starting with external rotation.   
 The summary parameters calculated by the automated analysis were collected 
from each excel file and saved into a separate file as data structure.  This structure was 
then processed to correct the signs of the parameters because external and internal 
rotation would each be described as positive angles on one shoulder and negative on 
the other.  Next the quality of the bilinear fit for each cycle was checked, and any cycles 
which had an R2 value below 0.9 were thrown out.  ROMs below 150o were excluded as 
well, in case any half cycles had inadvertently been performed.  Two tailed T tests were 
then performed on each of the parameters comparing male versus female subjects, left 
versus right shoulders, and internal versus external rotation. 
Results 
 In comparing men versus women, almost all of the parameters were significantly 
different.  The two exceptions were external rotational stiffness, which was not 
significant, and external break torque, which was significant at the α = 0.1 level, but not 
at the α = 0.05 level.  All other parameters had P values below 0.001.  As compared to 
women, men had smaller ranges of motion, higher internal rotational stiffnesses, 
decreased maximum rotations, increased internal break torques, and decreased break 
angles.   
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Table 2. Summary of T test results for male versus female swimmers. 
Value Units Male (Mean ± Stdev) Female (Mean ± Stdev) P Value 
ROM o 181.8 ± 12.5 192.8 ± 14.3 <0.001 
θmax, ext o 100.2 ± 10.4 106.3 ± 11.0 <0.001 
θmax, int o 81.6 ± 7.5 86.7 ± 11.2 <0.001 
Krot, ext N-m/o 0.16 ± 0.05 0.16 ± 0.06 0.443 
Krot, int N-m/o 0.16 ± 0.14 0.14 ± 0.07 <0.001 
τbreak, ext N-m 0.80 ± 0.61 0.72 ± 0.54 0.068 
τbreak, int N-m 0.92 ± 0.62 0.73 ± 0.54 <0.001 
θbreak, ext o 79.5 ± 10.6 87.1 ± 9.5 <0.001 
θbreak, int o 65.2 ± 8.9 69.5 ± 12.8 <0.001 
 
In comparing left versus right shoulders, almost all of the parameters were again 
significantly different.  This time, the two exceptions were internal and external 
rotational stiffnesses.  Right, and presumed dominant shoulders, showed larger ROMs, 
and a smaller external flexibility bias as compared to left, presumed non-dominant 
shoulders.  Right shoulders also required twice the torque to eliminate slack when 
rotating externally, but only half the torque when rotating internally as compared to left 
shoulders. 
Table 3. Summary of T test results for left versus right shoulders. 
Value Units Left (Mean ± Stdev) Right (Mean ± Stdev) P Value 
ROM o 186.4 ± 14.4 188.9 ± 14.6 0.029 
θmax, ext o 106.3 ± 10.9 100.4 ± 10.6 <0.001 
θmax, int o 80.1 ± 9.9 88.6 ± 7.9 <0.001 
Krot, ext N-m/o 0.16 ± 0.06 0.16 ± 0.06 0.596 
Krot, int N-m/o 0.15 ± 0.06 0.15 ± 0.07 0.558 
τbreak, ext N-m 0.52 ± 0.42 1.00 ± 0.61 <0.001 
τbreak, int N-m 1.12 ± 0.58 0.50 ± 0.40 <0.001 
θbreak, ext o 85.7 ± 9.9 81.3 ± 11.9 <0.001 
θbreak, int o 63.2 ± 11.3 71.9 ± 9.6 <0.001 
 
Three of four parameters were significantly different when comparing external 
versus internal rotation.  Furthermore, the only exception, break torque, was significant 
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if alpha is increased to 0.1.  Stiffness, maximum rotation, and break angle were all 
higher in external rotation than internal rotation.  If considered significant, break torque 
was lower in external rotation than in internal rotation. 
Table 4. Summary of T test results for internal versus external rotation. 
Value Units External (Mean ± Stdev) Internal (Mean ± Stdev) P Value 
θmax o 103.4 ± 11.1 84.2 ± 10.0 <0.001 
Krot N-m/o 0.16 ± 0.06 0.15 ± 0.07 0.019 
τbreak N-m 0.76 ± 0.57 0.82 ± 0.59 0.074 
θbreak o 83.5 ± 10.7 67.5 ± 11.3 <0.001 
 
Discussion 
 As expected, men’s shoulders required more torque to be rotated, and had 
significantly lower ranges of motion compared to women’s shoulders.  The fact that no 
significant differences were found between genders for external rotational stiffness, and 
external break torque appears to be due to variability between individuals, and the 
resulting high standard deviations.  It is possible that there may be less gender 
dimorphism in the thickness of the tissues which resist external rotation as compared to 
those which resist internal rotation, however such a claim would require further study.   
 Lack of literature means that it is difficult to know what to expect when 
comparing right and left shoulders.  However, the number of significant findings is again 
encouraging about the ability of STROM to detect significant differences. 
 It has previously been established that overhead athletes have flexibility biases 
towards external rotation, so the agreement with the literature here is encouraging 
(Tovin, 2006).  From looking at all three validation comparisons, it appears as though the 
ratio of standard deviation to mean for analysis parameters is large when torque 
appears in the units of the parameter.  This may indicate an area for potential future 
improvement. 
   
29 
Shoulder Stiffness: Quantification of Overuse Injury in Competitive Swimmers 
Aim 2: Swimming 
Intro 
 From speaking with the coach of the swim team, approximately three quarters of 
swimmers practice time is spent in the pool.  Additionally, while lifting and conditioning 
practices are tailored to the specific needs of swimmers, they are still similar to 
practices in sports which do not have the same prevalence of overuse injury of the 
shoulder as swimming.  Therefore, water practices are the most likely cause of overuse 
injury amongst swimmers.  Because it is unlikely coaches would agree to altering the 
practice schedules of their athletes it is impossible to isolate the long-term effects of 
swimming from other types of practices.  Therefore, acute effects must be evaluated 
instead.   
Hypotheses  
 Given that swimming involves stretching of the tissues, and swimmers 
anecdotally report “loose” shoulders after difficult swim practices, it was hypothesized 
that range of motion, maximum rotation in both directions, and both break angles 
would all increase.  According to prior fatigue testing, repeated loading reduces stiffness 
of biologic tissues (Wren, 2003).  Therefore, both rotational stiffnesses and both break 
torques were expected to decrease immediately following swim practices. 
Methods 
 The fifteen swimmers were all evaluated at the start and finish of swim practices 
within a single week.  In order to keep the evaluations as close to the swim time as 
possible, no more than four swimmers were evaluated at a single practice.  Within the 
week of evaluation, Monday’s and Wednesday’s practices were nearly identical, so 
these days were chosen for swimming evaluations.  Due to the size of the team, every 
practice is broken into two groups which complete the same workouts, just at different 
times.  This allowed for evaluation of all 15 people within only two different practices.  
However, three of the swimmers had courses which conflicted with the evaluation times 
30 
Shoulder Stiffness: Quantification of Overuse Injury in Competitive Swimmers 
for the practices which they attend, so two were evaluated on Thursday, and one was 
evaluated on Friday of the same week.   
 Swimmers were asked to come to the pool thirty minutes prior to their practice 
time, and were evaluated with STROM immediately upon arrival.  If arrival times were 
staggered, then each swimmer had both shoulders evaluated before moving to the next 
swimmer.  If all swimmers to be evaluated arrived at the same time, then one shoulder 
of all swimmers was evaluated in turn before moving the device to evaluate the 
opposite shoulders.  This was done to reduce the amount of time spent setting up the 
device.  Upon completion of practice the same process was repeated to obtain post-
swim data.  Some swimmers came directly to evaluation from the pool, while others 
went to the locker room first to change prior to evaluation.  All evaluations were 
completed within 15 minutes of exiting the pool.  Because each shoulder was 
anatomically the same before and after swimming, paired t tests were used when 
comparing the mechanics before and after swimming. 
Results 
 In the combined analysis, the only statistically significant finding was a decrease 
in the external break torque with swimming.  All external cycles from one evaluation 
failed the R2 check resulting in no external data for that shoulder before swimming.  
Therefore, that shoulder was removed entirely from swimming comparisons. 
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Table 5. Summary of T test results for all swim practices. 
Value Units Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
ROM o 186.8 ± 11.5 186.6 ± 16 0.954 
θmax, ext o 102.0 ± 10.5 103.8 ± 11.1 0.129 
θmax, int o 85.0 ± 10.4 82.9 ± 10.8 0.101 
Krot, ext N-m/o 0.17 ± 0.58 0.15 ± 0.05 0.112 
Krot, int N-m/o 0.16 ± 0.04 0.15 ± 0.06 0.527 
τbreak, ext N-m 0.95 ± 0.62 0.74 ± 0.46 0.004 
τbreak, int N-m 0.86 ± 0.52 0.90 ± 0.53 0.619 
θbreak, ext o 82.0 ± 8.8 82.9 ± 9.2 0.515 
θbreak, int o 67.8 ± 10.6 65.6 ± 11.0 0.097 
 
When looking at the first day alone, no significant changes were found. 
Table 6. Summary of T test results for Monday’s swim practice. 
Value Units Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
ROM o 184.3 ± 10.9 185.4 ± 13.3 0.741 
θmax, ext o 102.6 ± 7.9 106.2 ± 10.7 0.109 
θmax, int o 82.0 ± 9.3 79.3 ± 7.4 0.256 
Krot, ext N-m/o 0.13 ± 0.03 0.12 ± 0.02 0.920 
Krot, int N-m/o 0.13 ± 0.02 0.15 ± 0.08 0.416 
τbreak, ext N-m 0.62 ± 0.35 0.54 ± 0.23 0.497 
τbreak, int N-m 0.63 ± 0.47 0.91 ± 0.68 0.103 
θbreak, ext o 79.9 ± 7.6 82.0 ± 9.0 0.255 
θbreak, int o 63.0 ± 8.9 61.4 ± 6.6 0.406 
 
On the second day, significant decreases in both internal and external stiffnesses were 
found in addition to the decrease in internal break torque.   
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Table 7. Summary of T test results for Wednesday’s swim practice. 
Value Units Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
ROM o 185.3 ± 10.9 180.9 ± 17.6 0.155 
θmax, ext o 102.9 ± 13.5 101.6 ± 13.1 0.473 
θmax, int o 82.6 ± 9.2 79.2 ± 9.3 0.112 
Krot, ext N-m/o 0.18 ± 0.06 0.14 ± 0.04 0.009 
Krot, int N-m/o 0.16 ± 0.05 0.14 ± 0.04 0.041 
τbreak, ext N-m 1.06 ± 0.70 0.73 ± 0.43 0.007 
τbreak, int N-m 1.00 ± 0.56 0.91 ± 0.39 0.494 
θbreak, ext o 83.4 ± 10.8 81.3 ± 10.3 0.409 
θbreak, int o 66.3 ± 8.1 63.1 ± 11.4 0.243 
 
Discussion 
Using paired T tests required averaging of all of the half cycles for each 
evaluation, reducing the number of data points to approximately one sixth the number 
of cycles recorded.  This reduced the power of the comparison, and made it more 
difficult to find significant changes in the shoulder mechanics after swimming.   
While the data is inconsistent, swimming may reduce the amount of torque 
needed to rotate the shoulder through the slack region, as well as the amount of force 
needed to stretch the tissues outside of the slack region.  This could explain the 
anecdotal claims of “loose” shoulders, but should be corroborated with further studies.  
The differences in results obtained from each of the practices is possibly due to 
variations in individual workouts, or may be due to the large variation between 
individuals.  In either scenario, additional data collection with more subjects and a single 
swim workout would help make the relationship clear.    
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Aim 3: Functional Warmup 
Intro 
 While swimming practices are the most likely cause of chronic overuse injury, it 
is thought that good warmup and stretching routines may reduce the risk of injury.  
Therefore, the changes in passive shoulder mechanics were assessed before and after a 
functional warmup to look for acute changes.  The functional warmup was designed by 
the strength and conditioning coaches to be as low impact as possible, and consisted of 
stretches, body weight exercises, and other low intensity movements.   
Hypotheses  
Previous studies have shown that in response to stretching, the ankle 
experiences an increase in ROM and decrease in rotational stiffness (Morse, 2008).  
Therefore, it was hypothesized that range of motion, maximum angles, and break angles 
would all increase, while stiffnesses and break torques would decrease. 
Methods 
The fifteen swimmers were all evaluated at the start and finish of functional 
warmup practices within three days.  Again, no more than four swimmers were 
evaluated at a single practice.  Functional warmup only occurred on Tuesday and 
Thursday of the evaluation week, and swimmers were staggered in two groups 
separated by thirty minutes.  All 15 people were evaluated on these two days.  One 
swimmer was on a different competition schedule and lifted weights instead of 
completing the functional warmup.  This swimmer was removed from the data set, but 
had already been evaluated, and therefore could not be replaced with a different 
subject due to IRB subject limits. 
 The same evaluation setup and procedure were used for functional warmup 
practices as with swim practices.  All swimmers came directly to evaluation from the 
weight room, and completion times were highly staggered.  Therefore, all evaluations 
were completed within approximately 5 minutes of completing the functional warmup.  
Paired t tests were again used for comparisons. 
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Results 
The functional warmup resulted in increases in almost all parameters: range of 
motion, both stiffnesses, maximum external rotation, external break angle, and internal 
break torque all significantly increased with warming up.   
Table 8. Summary of results for functional warmup. 
Value Units Before (Mean ± Stdev) After (Mean ± Stdev) P Value 
ROM o 185.0 ± 13.9 190.6 ± 14.6 0.003 
θmax, ext o 101.9 ± 11.3 106.1 ± 11.7 0.002 
θmax, int o 83.0 ± 9.3 84.5 ± 9.2 0.170 
Krot, ext N-m/o 0.15 ± 0.04 0.17 ± 0.04 0.027 
Krot, int N-m/o 0.13 ± 0.04 0.15 ± 0.05 0.013 
τbreak, ext N-m 0.67 ± 0.34 0.74 ± 0.50 0.354 
τbreak, int N-m 0.58 ± 0.33 0.91 ± 0.54 <0.001 
θbreak, ext o 82.6 ± 10.4 86.7 ± 10.4 0.004 
θbreak, int o 66.5 ± 9.6 68.4 ± 9.1 0.103 
 
Discussion 
 Functional warmup resulted in increases in range of motion, as expected, 
suggesting that as tissues get warm and stretched out, their maximum length increases.  
Contrary to expectations, rotational stiffnesses and internal break torque increased.  
This suggests that rather than being made more flexible, the stretchable portions of the 
tissues are not returning to their relaxed state following functional warmup.  
Straightening of the collagen crimps may be the cause of these observations.   
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Conclusions 
Results 
Redesign of STROM satisfied all the established criteria and made the device 
significantly more robust, and easier to use.  The program developed to interface with 
STROM made evaluation very simple, and mitigated many potential sources of errors.  
The redesigned STROM was capable of detecting clinically significant differences as 
evidenced by the device validation. This was the first study to quantify changes in 
passive shoulder mechanics in swimmers following functional warmup and high volume 
swimming.  Both activities caused significant changes in rotational stiffness, with 
swimming decreasing it in certain cases, and functional warmup increasing stiffness.  
Currently, it is not known if swimmers with stiff shoulders are more or less likely to 
suffer from an injury, or what the exact relationship between stiffness and injury is, 
however, this study indicates the device is sensitive enough so as to be able to ask such 
questions. 
Future Directions 
While the revised STROM represents a significant improvement over the 
predicate, there is still room for further improvement.  As stakeholders in the device, 
athletic trainers and athletes should be consulted for feedback to improve future 
versions of the device.  By necessity, the clamping mechanism is somewhat specific to 
the examination table used.  While increased versatility would be desired, it is likely that 
different attachment braces would be needed for different examination tables.  One of 
the fifteen subjects had a maximum rotation of 136o, indicating that the ±135o ROM 
requirement must be increased should the device be further revised.   As redesigned, 
the device greatly exceeded the declared requirement, and was therefore suitable for 
evaluation of the large ROM seen in swimmers.  The torque cell and gain of the amplifier 
circuit should be reevaluated.  As can be seen in Figure 13, torque data appears discrete, 
rather than continuous.  This poor data resolution would confound the calculated 
stiffnesses and break torques, and may even have negatively impacted the calibration.  
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Improving the resolution of 
the torque data would 
resolve all of these issues, 
and may make finding 
significant changes in 
rotational stiffness easier.  
Alternative data analysis 
methods may be 
considered, as opposed to 
the bilinear fit used in this 
analysis. 
Future studies 
could track passive shoulder mechanics in swimmers throughout the course of a season, 
over built in breaks, and over the beginning and end of season to look at how the 
glenohumeral joint responds to changes in workout intensity.  Significant variability 
across individuals suggests a need for stricter inclusion criteria to clarify results.  Linking 
the stiffness data with medical history could begin to clarify the relationship between 
shoulder stiffness and shoulder pain. 
 
 
Figure 13.  Data filtering method showing torque data.  Note the discrete 
appearance. 
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